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Introduction 16
Sperm morphology can have direct consequences for sperm motility and male reproductive success 17 [1-3]. Thus, sperm competition and cryptic female choice should exert strong directional selection 18 towards an optimal sperm design, presumably enhancing motility or energetic capacity [4] . Yet, the 19 proximate connection between sperm design and motility remains poorly understood. 20 21 A typical sperm cell moves through the activity of its flagellum [5] , which consists of the midpiece 22 and the tail [6] . It derives the energy for its movement either through anaerobic glycolysis in the tail 23 or through oxidative phosphorylation (OXPHOS) in the mitochondria of the midpiece [5] . Whereas 24 mammalian species vary considerably in their use of these two energetic pathways [5] , OXPHOS 25 alone supports normal sperm motility in chicken (Gallus gallus; [7] ), suggesting respiration in 26 mitochondria as the main energy source [4] . In birds, the total number of mitochondria per sperm cell 27 varies from less than 20 to more than 350 across species [6] . In oscine songbirds, the largest 28 phylogenetic group of birds, all mitochondria fuse into a helical strand that winds along the midpiece 29 (gyres) during spermatogenesis [8] [9] [10] . The number of mitochondria contributing to this 30 mitochondrial syncytium is basically unknown. Because sperm midpiece length correlates with 31 adenosine triphosphate (ATP) content in whole ejaculates across songbirds, it has been hypothesised 32 that a larger number of mitochondria contributes to the syncytium in longer midpieces [11] . 33 34 Zebra finches are polymorphic for an inversion on their sex chromosome TguZ that spans roughly 63 35 megabases and 619 genes [12, 13] . Kim et al. [14] and Knief et al. [2] have previously shown that this 36 inversion has profound effects on sperm morphology, sperm velocity and fertilization success. Males 37 that are heterozygous for the inversion have sperm with a long midpiece and a relatively short tail 38 (Figure 1a) . The total flagellum length is intermediate between those of the two homozygous groups. 39
This design seems optimal, because these sperm swim fastest and fertilize the most eggs in a 40 competitive environment [2] . The allele frequency of the ancestral inversion haplotype in a wild 41
Australian population (59.6%; [12]) might be explained by this heterotic effect. Taken together, this 42 makes the zebra finch a suitable model to study the link between sperm design and swimming speed 43 and unravel the mechanism behind the relationship between inversion genotype, midpiece length and 44 sperm velocity. Mendonca et al. [4] hypothesized that longer midpieces, known to contain more 45 gyres, result from the fusion of a larger number of mitochondria with the potential to boost energy 46 metabolism. Two recent studies using sperm morphology rather than the inversion genotype as their 47 predictor did not fully support this hypothesis: mitochondrial volume did not increase linearly with 48 midpiece length [4] and ejaculates of males with long midpieces contained less ATP molecules than 49 those of males with shorter midpieces [15] . 50
51
Here, we specifically test whether the inversion genotype has an effect on mitochondrial content in 52 zebra finch ejaculates. We predict that the sperm of heterozygous males contain more copies of 53 mitochondrial DNA than those of homozygous individuals. 54 55
Material & Methods 56

Study subjects & sperm sampling 57
We extracted ejaculates by abdominal massage from 36 captive zebra finches (Taeniopygia guttata 58 castanotis, average ± SD age at sampling = 6.3 ± 0.3 years) housed in a unisex group at the Max 59
Planck Institute for Ornithology, Seewiesen, Germany. Birds were derived from study population 60 "Seewiesen-GB" (see [16] ), in which the connection between inversion genotype, sperm morphology 61 and siring success had been previously established. Ejaculates were collected in 10 μl TNE buffer (10 62 mM Tris-HCl, 150 mM NaCl and 1 mM EDTA, pH 7.4), immediately frozen on dry ice and stored at 63 -80°C until further usage. 64 65
Inversion genotypes 66
All individuals had been previously genotyped for six SNPs that unambiguously tagged the three 67
TguZ inversion haplotypes (named A, B and C) when using an unanimity decision rule (that is, all tag 68
SNPs must specify the same type and missing data are not allowed; [12] ). Further details on the 69 genotyping and filtering procedure can be found elsewhere [12, 17] . In a previous study, Knief et al. 70 To estimate the ratio of autosomal to mitochondrial DNA in zebra finch sperm, we used quantitative 85 real-time PCR (qPCR; see also [18] [19] [20] [21] [22] [23] ). All qPCR reactions were set up with the Luna Universal 86 qPCR master mix (New England BioLabs) and 150 nM of each primer in a total volume of 20 μl. We 87 used three autosomal primer pairs that had been previously assayed for their amplification efficiency 88 in the zebra finch [24] and designed three mitochondrial primer pairs in the ND2, ND4 and ND5 genes 89 (Table S1 ). We mixed DNA isolated from zebra finch liver and blood for normalization and tested the 90 amplification efficiency of all primer pairs through a six-and seven-step log 10 serial dilution of this 91 standard (0.125-10 ng DNA for autosomal and 0.008-1 ng DNA for mitochondrial markers). All 92 standard DNA samples were run in triplicates on the C1000 Touch™ Thermo Cycler with the optical 93 module CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad). An initial 5 min. denaturation 94 step at 95°C was followed by 40 cycles of 15 sec. at 95°C and 30 sec. at 62°C and a final melt curve 95 measurement from 65°C to 95°C. We obtained raw Cq-values through the Bio-Rad CFX Manager 96 software (v3.1.1517.0823). All primer pairs had efficiency values between 97% and 110% ( Table  97 S2). 98
99
For the actual quantification of mitochondrial and autosomal DNA in sperm, we followed the same 100 protocol as above, using 1 ng of sperm DNA as our template in every qPCR reaction. To estimate the 101 run-specific amplification efficiency, we set up a three-step dilution series covering the sperm DNA 102 quantities, starting from 5 ng and 1 ng standard DNA template for the autosomal and mitochondrial 103 primer pairs, respectively. We attempted to run each sample in triplicate for one autosomal and one 104 mitochondrial marker in every qPCR run, along with the dilution series of the standard DNA. In total, 105 we amplified every sample with 7-8 combinations of the autosomal and mitochondrial primer pairs. 106
107
We excluded 7 qPCR reactions of two individuals that were outliers in terms of their Cq-values (more 108 than 4 standard deviations from the mean Cq-value of that run). These were most likely technical 109 artefacts because the same samples were amplified normally with the same primer pairs in different 110 reactions. The decision to remove extreme outliers was taken blind to the outcome of the study. After where Cq1 is the Cq-value when using a single DNA molecule as PCR template. It was either set to 137 37 (see [26] ) or estimated from the standard curve of each primer pair of every qPCR run. Because 138 there was no qualitative difference, we present results in which we used empirical Cq1-values (Cq1 ip ). 139
140
We then fitted mixed-effects linear models with efficiency corrected Cq-values (R sip or M sip ) as the 141 dependent variables. To test our hypothesis that sperm with longer midpieces (genotype AB*) contain 142 more copies of the mitochondrial DNA, we fitted the interaction between the two independent 143 variables "chromosome type" (that is autosome vs mitochondrion, 1 degree of freedom) and 144 We also estimated the difference between autosomal and mitochondrial DNA content with the 154 familiar ΔCq-method [29] which assumes efficiency values of 2 (= 100%) for every marker and run. 155
To this end, we first calculated the mean Cq-value for every sample and marker within each run, then 156 subtracted the mean mitochondrial Cq-value from the mean autosomal Cq-value of every sample 157 within each run and fitted a linear regression model with "inversion genotype" as the sole predictor. 158
Effects were in the same direction as those obtained with the mixed-effects model using R sip as the 159 dependent variable and fitting "inversion genotype" was also highly significant (P = 0.006). Because 
Results 173
As expected, zebra finch ejaculates contained significantly more mitochondrial (mtDNA) than 174 autosomal DNA (atDNA) copies (P = 3 × 10 -4 using relative abundance and P < 2 × 10 -16 using 175 molecule counts). Excluding the interaction between chromosome type and inversion genotype from 176 the statistical model and using either the relative abundance or the molecule count data, ejaculates 177 contained 10.5 ± 1.5 (expressed as a ratio ± SE) and 12.9 ± 1.0 times more copies of mitochondrial 178 than autosomal DNA. 179
180
The amount of mtDNA relative to the amount of atDNA differed between males, depending on their 181
TguZ inversion genotype. Males producing sperm with short midpieces (genotype AA) had less 182 mitochondrial DNA in their ejaculates than those with intermediate or long midpieces (genotypes 183 B*B* and AB*, respectively; interaction P = 3 × 10 -15 using relative abundance and P = 1 × 10 -7 using 184 molecule counts, Figure 1b,c) . In the relative abundance data, the amount of mtDNA seemed to 185 increase linearly with each copy of the derived inversion type B* (ratio ± SE of mtDNA to atDNA, 186 AA: 5.9 ± 1.5, AB*: 10.8 ± 1.5, B*B*: 14.9 ± 1.5; Figure 1d, Table 1) . In contrast, mtDNA molecule 187 counts suggested that sperm with the longest midpieces (genotype AB*) had the highest mtDNA to 188 atDNA ratio (ratio ± SE of mtDNA to atDNA, AA: 11.3 ± 1.1, AB*: 16.9 ± 1.1, B*B*: 11.1 ± 1.1; 189 Table 1 ). 190
Figure 1d,
Discussion 192
Here, we have shown that zebra finch ejaculates contain about 10-13 times more copies of 193 mitochondrial than autosomal DNA. The magnitude of this difference was significantly affected by 194 the inversion genotype of the male, such that heterozygous males have more mtDNA copies than 195 those homozygous for the ancestral and -depending on the analyses -also the derived inversion 196 haplotype. Since heterozygous males have the longest sperm midpieces [2, 14] this difference is 197 consistent with the hypothesized relationship between sperm morphology and energy metabolism. 198
Although we did not directly measure sperm midpiece length in the sampled ejaculates, the inversion 199 genotype is a reliable predictor of sperm midpiece length in this zebra finch population. The inversion 200 genotype explains some 41.9% of the variation in midpiece length and males heterozygous for the 201 inversion have on average 26.59% and 11.16% longer midpieces than males homozygous for the 202 ancestral and derived genotypes, respectively [2] . It should be noted that ejaculates usually also 203 contain small amounts of non-sperm cells [33] , such that the inversion genotype could in principle 204 also affect the cellular composition of ejaculates. It would, however, require large mtDNA copy 205 numbers in these few cells to significantly bias our estimated ratio of mitochondrial to autosomal 206 DNA upwards. *, Figure 1a ). Using the average of the relative 219 abundance and molecule count estimates, these morphological measurements correlate well with the 220 predicted number of 8.6 (genotype AA), 13.0 (genotype B*B*) and 13.9 (genotype AB*) 221 mitochondria. This would mean that every gyre is stably composed of roughly 1.6 (AA: number of mtDNA copies could directly affect the number of mitochondrial ribosomes, either because 238 mtDNA copy number serves a proxy for the amount of mitochondrial ribosomes or because more 239 mtDNA copies would allow higher transcription rates of their ribosomal RNAs [43] . 240
241
In contrast to our results, human and other mammalian males with pathologic sperm diseases have 242 more mtDNA copies in their sperm cells than healthy males and sperm with more mtDNA copies 243 swim slower ([18, 20, 44, 45] and references therein, but see [46, 47] for the opposite finding). This is 244 often explained by larger quantities of reactive oxygen species (ROS) produced in sperm with more 245 mitochondria, which could damage the sperm cells [48] . However, most studies were clinical and not 246 experimental, such that the causal relationship has not been fully resolved. Males might actually 247 compensate for high amounts of abnormal sperm by harbouring more mtDNA copies in each sperm 248 cell, which has been found to restore fertility [49] . Furthermore, human sperm cells seem to derive 249 energy also through anaerobic glycolysis in the tail, such that OXPHOS might be unnecessary for 250 motility [5] . The glycolytic enzymes are located along a fibrous sheath, a structure that is seemingly 
